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JULIE RANDI PIESLAK 
 
ABSTRACT 
The passage of the 2018 Farm Bill created a legal distinction between hemp and 
marijuana, both of which were previously illegal under federal law. The 2018 Farm Bill 
federally legalized hemp which became defined as any cannabis or cannabis-derived 
product containing less than 0.3% Δ9-tetrahydrocannabinol (THC) by dry weight. While 
marijuana has a high concentration of THC, hemp has a high concentration of cannabidiol 
(CBD), a cannabinoid similar to THC. Aside from the concentration of specific 
cannabinoids, hemp and marijuana are macroscopically and microscopically 
indistinguishable and common forensic testing for cannabis, such as the Duquenois-Levine 
color test, cannot distinguish between the two. Now that the federal law has been changed, 
new analytical methods are needed to be able to differentiate between what is legal hemp 
and what is illegal marijuana. 
This work employs the use of two analytical methods for the differentiation of hemp 
and marijuana: Ultraviolet-Visible Spectroscopy (UV-Vis) and Direct Analysis in Real 
Time-Mass Spectrometry (DART-MS). UV-Vis would be useful for quantitating 
cannabinoids and is a method that is amenable to field use. Previous studies have shown 
that fast blue BB salt (FBBBS) complexes with THC and CBD, forming unique 
chromophores, which can be analyzed by UV-Vis. Seven hemp samples and five marijuana 
vi 
samples were analyzed using this method. The hemp samples displayed two absorbances, 
the first between 285–290 nanometers (nm) and the second between 469–472 nm. The 
marijuana samples displayed one absorbance between 292–299 nm. The preparation of the 
hemp samples consistently produced a light to dark orange color in the sample cuvette 
while the marijuana samples produced a golden yellow color. Calibration curves were 
prepared using THC and CBD certified reference materials in an effort to quantitate the 
cannabinoids in each sample. Reproducibility was an issue and r2 values varied greatly. 
Differences were seen within the UV-Vis spectra of each sample type but further efforts in 
quantitation are needed. 
The use of DART-MS to differentiate between hemp and marijuana is still an 
ongoing effort. Mass spectra were generated of the previously mentioned hemp and 
marijuana samples. In almost all analyses, the most abundant ion was m/z 315, the [M+H]+ 
ion for THC and CBD. A 359 ion was also observed within the samples, which is consistent 
with tetrahydrocannabinolic acid (THCA), cannabidiolic acid (CBDA) and 
cannabichromenic acid (CBCA). Subtle differences were seen between the two sample 
types although it’s difficult to determine how significant these differences are upon visual 
examination of the mass spectral data. Using Analyze IQ Lab chemometric software, 
predictive models were built using known hemp and marijuana samples. Preliminary data 
suggests that the methods built are successful and can correctly classify hemp and 
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1.1 Origins of Cannabis  
1.1.1 Cannabis Sativa L. 
Cannabis Sativa L. is one of the oldest cultivated plants and can be traced back to 
China as early as 4000 B.C. where it was utilized for its fibers, to eventually produce ropes 
and textiles. By the 15th century, Cannabis was seen in Africa where it was used to facilitate 
childbirth and treat diseases such as malaria. The seeds from the Cannabis plant were seen 
in Brazil by the 16th century and are thought to have been brought over by African slaves. 
Around this same time, the use of Cannabis as fiber was making its way to Europe (1). 
In the mid-19th century, the use of cannabis in western medicine was first 
documented for use in the treatment of muscular spasms, tetanus and rabies. By the late 
19th century and early 20th century, cannabis was beginning to be marketed by laboratories 
such as Merck in Germany and Bristol-Meyers Squibb in the United States. In 1924, 
Sanjou’s Analytic Cyclopedia of Practical Medicine outlined the two main areas of 
cannabis use. The first is as a sedative or hypnotic drug used to treat ailments such as 
insomnia or mania. The second use for cannabis is as an analgesic drug used to treat 
headaches or brain tumors (1). In 1964, the main psychoactive component of cannabis, Δ9-
tetrahydrocannabinol (THC) was identified (2). As the 20th century continued, cannabis 
use, particularly the marijuana variety, exploded in popularity and the use of the drug for 




1.1.2 Uses for Hemp and Marijuana  
Today, the cannabis plant has two distinct forms: hemp and marijuana which are 
physically indistinguishable but have different legal definitions due to their different 
chemical makeup. The plants are treated differently depending on if they are grown for 
hemp or marijuana production. Hemp plants are grown for the plant stalks and individual 
plants are placed closely together to encourage growth. Marijuana plants are grown for 
their flowers, which are located on female plants. Marijuana plants are spaced far apart to 
maximize flower growth. Additionally, hemp plants are harvested earlier than marijuana 
plants (3).  
 Hemp has many commercial and industrial uses and can be made into fibers, papers 
and even food products (3).  Hemp food products include hemp juice, hemp milk and hemp 
protein (4). Seeds from hemp plants can also be used to make oils, varnishes, skin care 
products and even biofuels. As of 2013, research in Canada has been ongoing into 
producing cellulosic ethanol from hemp biofuel (3). Hemp contains a high concentration 
of a naturally occurring compound cannabidiol (CBD) which unlike THC, does not have 
any psychoactive effects on the body. The CBD from hemp plants can be used to make 
lotions, oils and gummy candy (5).  
The primary use for marijuana is for the psychoactive effects of THC when smoked 
or ingested. The most common route of administration for marijuana is smoking the plant 
material, however, marijuana can exist in many other forms. Marijuana can exist as 
hashish, which is a compressed preparation of the resin glands of the cannabis plant where 
the THC is most concentrated (6). Hashish can be prepared by harvesting and drying the 
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plant and then threshing and sieving it to separate out the resin glands. It’s also possible to 
extract the resin glands from the plant by rubbing it between the hands and letting the resin 
build up between them (6). Marijuana can also exist as hashish oil. Hashish oil is a type of 
resin that is produced by an  extraction in organic solvent, typically butane, giving it its 
other common name: butane hash oil (7).  
1.1.3 Legal Status 
During the early 20th century, when cannabis, primarily marijuana, became popular 
and began to be increasingly smoked, it became associated with certain minority groups. 
This led to the federal Marihuana Tax Act of 1937 which placed taxes on any cannabis use, 
both medical and non-medical (8). During the 1960’s, another increase in marijuana use 
led to an increase in research about its effects which coined the term “medical marijuana”. 
The United States (US) was still afraid of the negative effects that accompany marijuana 
use which led to cannabis and cannabis resins being placed in the most restrictive category 
for drugs, under the Single Convention on Narcotic Drugs (8). In 1970, Congress put forth 
the Controlled Substances Act (CSA) which outlined a classification system of all federally 
controlled drugs (8). The CSA consists of 5 schedules or categories: Schedule I is the most 
restrictive category and includes drugs with no accepted medial use and a high abuse 
potential while Schedule V is the least restrictive category for drugs with a low abuse 
potential and a limited quantity of narcotics (9). Under the CSA, marijuana and THC 
products are classified as hallucinogens and are schedule I substances. With this 
classification, all cannabinoids and all THC isomers found in the plant Cannabis Sativa L. 
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are considered Schedule I compounds, which also includes hemp, a popular cannabis-
derived product. In 2018, the Farm Bill was passed which defines hemp as the following: 
The term ‘hemp’ means the plant Cannabis sativa L. and any part of that plant, 
including the seeds thereof and all derivatives, extracts, cannabinoids, isomers, acids, 
salts, and salts of isomers, whether growing or not, with a delta-9 
tetrahydrocannabinol concentration of not more than 0.3 percent on a dry weight 
basis (10). 
The 2018 Farm Bill legalized hemp and any hemp based products and allowed it to be 
removed from the CSA and from the list of federally controlled substances (8). 
In the mid 1990’s, California was the first state to decriminalize specific cannabis 
use by allowing approved patients and caregivers to grow and possess marijuana for 
medical use. Shortly after California, Washington and Oregon followed in legalizing 
medicinal cannabis use at a limited capacity. In the mid 2010’s marijuana dispensaries 
began to appear and in 2012, Colorado became the first state to legalize the recreational 
use of marijuana (8). As of November 2020, there are 15 states that have legalized the use 
of marijuana for medicinal and recreational purposes (Table 1) (11). As of the year 2021, 
possession of small amounts of recreational marijuana is legal in Montana and the 











There are Federal Drug Administration (FDA) approved formulations of THC 
which can be prescribed by doctors. One of these formulations is Dronabinol, marketed 
under the brand name Marinol. Marinol is synthetically produced THC and is prescribed 
to chemotherapy patients to control severe nausea and vomiting or as an appetite stimulant. 
Marinol is currently a schedule III drug under the CSA (7). 
1.2 Features of the Cannabis Plant 
1.2.1 Botanical Features 
In general, Cannabis can be identified by many macroscopic features. Cannabis 
plants have a compound palmate leaf shape with an odd number of leaflets. Leaves are 
approximately 6 times longer than wider with serrated edges and a pointed tip. Cannabis 
also has a characteristic sweet, pungent and “skunk”-like odor that can aid in its 
identification. Cannabis seeds are mottled and have an ovoid shape (7).  
Table 1. Legality of Marijuana Use in each US State as of November 2020.  
* - Legislation pending to reach full legal status. 
 
Legality of Marijuana Use in each US State
Fully Legal Mixed Legality Fully Illegal
Alaska Arkansas New Mexico Alabama
Arizona* Connecticut New York Idaho
California Delaware North Dakota Kansas
Colorado Florida Ohio Nebraska
Illinois Georgia Oklahoma North Carolina
Maine Hawaii Pennsylvania South Carolina
Massachusetts Indiana Rhode Island Tennessee
Michigan Iowa Texas Wyoming
Montana* Kentucky Utah
Nevada Louisiana Virginia






Cannabis also contains two main microscopic features that can be used to 
presumptively identify it. The first are the cystolithic hairs which give the plant a fuzzy 
appearance (13). The cystolithic hairs are unicellular, conical, sharply pointed and contain 
a deposit of calcium carbonate at the base of the hair. This feature can only presumptively 
identify cannabis as cystolithic hairs are also found on oregano and hops. The second 
microscopic feature are the glandular hairs, which are multicellular stalks with a round bulb 
at the top. The glandular hairs have the highest concentration of THC compared to the other 
parts of the plant such as the flowers or leaves (7,13). 
1.2.2 Cannabinoids  
The cannabis plant is composed of over 400 chemical compounds and about 60 of 
those are cannabinoids, also known as phytocannabinoids (14). Cannabinoids are naturally 
occurring compounds in the cannabis plant and are C21 terpenophenolic compounds (15). 
As cannabinoids are produced within the plant they exist as cannabinoid acids such as 
tetrahydrocannabinolic acid (THCA) but when the plant is dried for storage purposes, the 
acids decarboxylate into their common forms, such as THC (14). Some of the most 
common cannabinoids are THC, CBD, cannabichromene (CBC) and cannabinol (CBN) 
(16). 
As mentioned, THC is the main psychoactive component of cannabis and is found in 
high concentrations in marijuana. Effects of THC on the body include relaxation, 
space/time distortions, impaired memory and impaired motor coordination (7). In the body, 
THC binds to the receptors of the cannabinoid receptor system, the cannabinoid 1 receptor 
(CB1R) and the cannabinoid 2 receptor (CB2R). The human body contains endogenous 
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cannabinoids such as anandamide and 2-arichidonoylglycerol that bind to both the CB1R 
and CB2R receptors (7). CB1Rs are most prevalent in the brain while CB2Rs are most 
prevent in the immune cells and the gastrointestinal system. THC binds to CB1R as a 
partial agonist and binds even less effectively with CB2R. When THC binds to CB1R, it 
inhibits the neurotransmitters that are normally regulated by the endogenous cannabinoids. 
It has also been found that the binding of THC to CB1R may increase the release of 
neurotransmitters such as dopamine, glutamate and acetylcholine and decrease the release 
of gamma aminobutyric acid (GABA) (14). 
CBD does not cause the psychoactive effects seen with THC but it has been reported 
that CBD can potentiate the effects of THC (14). CBD does have many effects, some of 
which include: anticonvulsant properties, anxiolytic properties, antipsychotic properties 
and can serve as a neuroprotective antioxidant (17). THC and CBD are structural isomers 
and therefore have the same molecular weight of 314.5 g/mol (grams per mole) (18,19)  
(Figure 1). 
Figure 1. Chemical structures of THC (left) and CBD (right). Both THC and CBD have 
a molecular formula of C21H30O2 and a molecular weight of 314.5 g/mol. Structurally, the 
two compounds are different; THC has a 6-membered ring containing an oxygen atom 
while CBD has a hydroxyl group in that same position. Structures generated using 
ChemDraw 20.0 software from Perkin Elmer (Waltham, Massachusetts). 
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 CBC is one of the most abundant cannabinoids found in freshly harvested cannabis 
and has been found to have anti-inflammatory, antibacterial and antifungal activity (16). 
CBN is a breakdown product of THC (16) and has been reported to weakly mimic the 
effects of THC (20). 
Subspecies of Cannabis Sativa L. can be divided into three chemotypes based on the 
proportions of THC, CBD and CBN in the plant material (21). The United Nations Office 
on Drugs and Crime provides the following equation to determine which category cannabis 
plant material belongs to: 




[THC], [CBN] and [CBD] are the proportions of THC, CBN and CBD respectively within 
the sample, which can be determined from the peak area of the chromatogram (22). CBN 
is not psychoactive but is included in this formula because it is a breakdown product of 
THC (23). If X is greater than 1, the sample contains more THC and CBN than CBD and 
can be classified as drug-type cannabis. If X is less than 1, the sample contains more CBD 
than THC and CBN and can be classified as fiber-type cannabis (22). If X is close to or 
equal to 1, the sample can be classified as the intermediate type. Drug-type cannabis 
includes marijuana and hashish while fiber type includes hemp, industrial cannabis, fuels 
and fibers (21). 
1.3 Analytical Techniques for Cannabinoid Detection 
1.3.1 Presumptive Techniques 
The following methods described in this section are considered presumptive tests. 
Presumptive tests are usually quick, easy and inexpensive and can give users a better 
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understanding of what an unknown sample might contain. However, these tests also exhibit 
false positives, meaning that a positive result can be obtained with a substance other than 
the analyte of interest. In forensic chemistry, a common presumptive test is a catalytic color 
test. Color tests display positive or negative results based on a color change when the 
analyte reacts with another chemical. The color resulting from the reaction can be 
subjective and conclusions can vary between analysts; another reason these tests are only 
presumptive in nature.  
1.3.1.1 Duquenois – Levine Color Test 
One of the most well-known color tests for the detection of THC is the Duquenois-
Levine color test. This color test is performed in 3 steps with 3 different reagents. The first 
step is the addition of the Duquenois reagent, which consists of acetaldehyde, vanillin and 
ethanol (7). The second step is the addition of concentrated hydrochloric acid (HCl). The 
acidic environment allows for the Duquenois reagent to react with the para position of the 
phenol group of THC forming a purple color (7,24). The third step is the addition of 
chloroform which forms a biphasic mixture with the previous components and still retains 
the purple color from the previous step. Compounds with long aliphatic chains, such as 
THC, are able to pass into the chloroform layer (24).  
While the Duquenois-Levine color test is a straightforward presumptive test to 
detect THC, there have been multiple false positives reported, such as eucalyptus and 
patchouli (25). The study that reported these false positives used Duquenois-Levine field 
portable test pouches. The suspected drug is placed into the pouch which also contains 
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small ampoules of the test reagents. The ampoules are broken in the proper order, releasing 
the reagents to react with the sample.  
Another disadvantage to the Duquenois-Levine color test is that it cannot 
differentiate between hemp and marijuana, since both contain THC. While the intensity of 
the purple color at the end of the test can depend on how much THC is present, the color 
intensity can be subjective and conclusions can vary between analysts (7).  
1.3.1.2 Fast Blue BB Salt 
Another color-based detection method for cannabinoids is the use of Fast Blue BB 
Salt (FBBBS). FBBBS is a hemi (zinc chloride) salt capable of forming complexes with 
cannabinoids such as THC, CBD and CBN. The complexes are formed through the 
interaction of the diazonium group of the FBBBS with the phenolic group of each of the 
cannabinoids (26) (Figure 2). It has been reported that FBBBS forms a red chromophore 
with THC, an orange chromophore with CBD and a purple chromophore with CBN (27). 
FBBBS has been used as a coloring agent to detect THC, CBD and CBN in simple color 
tests, thin layer chromatography assays and ultraviolet-visible spectroscopy (UV-Vis) 
assays (27,28). Using the UV-Vis spectroscopy method, one study reported the absorption 
maxima of the FBBBS-THC and FBBBS-CBD complexes as 489 nanometers (nm) and 
470 nm respectively (28). Another study reported a wavelength of 471 nm as the 
distinguishing wavelength produced by THC (27).  
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1.3.1.3 Ultraviolet-Visible Spectroscopy (UV-Vis) 
UV-Vis is a common instrument seen in forensic laboratories that can be used as a 
stand-alone screening technique or as a detector coupled with other instruments. UV-Vis 
spectroscopy is based on the idea that molecules can absorb light of specific wavelengths. 
The absorption of ultraviolet or visible light excites the electrons within the molecules 
which are then promoted to higher energy levels. As the electrons relax back down to their 
ground state, light of a different wavelength is then emitted. The absorption of light by the 
molecules results in a spectrum of peaks, where the peaks represent the absorbance at a 
specific wavelength (29). 
A UV-Vis spectrophotometer consists of 5 main parts: the source, the wavelength 
selector or monochromator, the sample container, radiation transducer and the signal 
readout (29). The source of the UV-Vis is a lamp that can produce light in the Ultraviolet 
and Visible ranges. Common types of light sources are Deuterium and Hydrogen lamps, 
Tungsten filament lamps or Xenon arc lamps. The monochromator consists of an entrance 
slit, dispersion device and exit slit which filters out the wavelength of interest and allows 
Figure 2. Structure of the THC- FBBBS complex. The diazonium group of FBBBS (right) 
interacts with the phenolic group of THC (left) to form a colored complex. Structure adapted from 
(27) and generated using ChemDraw 20.0 software from Perkin Elmer (Waltham, Massachusetts). 
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it to pass through to the sample area. The sample area is where the sample is placed into 
the instrument for analysis. The sample is placed into a cuvette which is then placed into 
the instrument. Cuvettes can be made of either plastic or quartz glass. Plastic cuvettes are 
usually single-use and cost less than quartz cuvettes (29). One main disadvantage to plastic 
cuvettes is that strong organic solvents, such as acetonitrile, can dissolve the plastic and 
cause interferences with analysis. Quartz cuvettes are more expensive than plastic but can 
be continually used. The radiation transducer converts the energy of the light that passes 
through the sample into an electrical signal. The signal readout amplifies the results from 
the transducer and displays the results in the form of a graph, known as a spectrum (29) 
(Figure 3).  
UV-Vis spectroscopy can be used as a qualitative technique but is a much stronger 
quantitative technique. Qualitatively, UV-Vis functions best with a pure sample. If a 
sample is a mixture, it can be difficult to identify multiple components from the UV-Vis 
spectrum. Quantitatively, the absorbance of a sample can be related to the concentration of 
analyte through Beer’s Law. The Beer’s Law equation is as follows (29): 
𝐴 =  𝜀𝑏𝑐 
Where: A = absorbance of sample 
Figure 3. Schematic of a UV-Vis Spectrophotometer. The light from the source passes 
through the monochromator where the wavelength of interest is selected. The wavelength of 
interest passes through the cuvette containing the sample. The light then hits the detector, the 







 ε = molar absorptivity/ extinction coefficient (liters/(mol * centimeter (cm)) 
 b = path length through sample (usually 1 cm) 
 c = concentration of sample (mol/liter) 
 In forensics, UV-Vis is commonly used in drug analysis, to determine concentration 
of an analyte or to identify adulterants within a sample. UV-Vis can also be used in trace 
evidence analysis for determining the color of paint samples and for discriminating 
between different types of soil (29,30). Questioned document evidence can also be 
analyzed using UV-Vis and research has been performed on the discrimination of paper 
and ballpoint pen ink (31,32) As described in the previous section, the reaction between 
cannabinoids, such as THC and CBD, and FBBBS can form colored complexes that can 
be analyzed using the UV-Vis spectroscopy method. 
1.3.2 Confirmatory Techniques 
The following methods described are considered confirmatory methods because the 
use of each method can identify the components within an unknown, usually to a high 
degree of certainty. Confirmatory methods are usually performed after presumptive 
methods, when an analyst has a better understanding of what an unknown sample might 
contain. Common confirmatory techniques used in forensic laboratories include gas 
chromatography – mass spectrometry (GC-MS) and liquid chromatography – mass 
spectrometry (LC-MS). A less common technique that will be discussed is direct analysis 




1.3.2.1 Gas Chromatography – Mass Spectrometry (GC-MS) 
GC-MS is a hybrid chromatographic/mass spectral technique, meaning that it has 
the ability to separate the components of a sample prior to detection by the mass 
spectrometer. In GC, the liquid sample is vaporized and is carried by a gaseous mobile 
phase through a column that is lined with a solid stationary phase. The components of a 
sample are separated based on their affinities for the stationary or mobile phases (33). 
Cannabinoids such as THC and CBD have been detected in human plasma using 
GC-MS after derivatization with N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) 
(34). Derivatization can cause structural changes to compounds, therefore changing the 
molecular weight and fragmentation patterns. This can make similar compounds, such as 
THC and CBD, with the same molecular weight, easier to identify. Using this analytical 
method, along with derivatization, THC and CBD were able to be differentiated based on 
their fragmentation patterns (34). 
1.3.2.2 Liquid Chromatography – Mass Spectrometry (LC-MS) 
LC-MS, like GC-MS, is also a chromatographic technique that separates the 
components of a sample. However, in LC, the sample is a liquid phase and is carried 
through a packed stationary phase by a liquid mobile phase (35). Cannabinoids, such as 
THC, CBD, and CBN, in plant material have been quantified using LC-MS (36). 
Cannabinoids were identified using multiple reaction monitoring (MRM) (36). MRM 
mode is capable of monitoring multiple fragmentations of the same parent ion in order to 
identify unique fragmentation patterns of each compound. Using an MRM method, all 
cannabinoids analyzed were able to be detected and quantitated. Cannabis plants grown 
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both indoors and outdoors were also analyzed using LC-MS and the data was analyzed 
using principal component analysis (PCA) software (36). PCA is capable of identifying 
any variance among samples and placing those that are similar into groups. With the use 
of the PCA software, discrimination of indoor and outdoor cannabis plants was achieved 
due to a higher concentration of THC, CBD and CBN in plants grown outdoors (36).  
1.3.3 Direct Analysis in Real Time – Mass Spectrometry (DART-MS) 
A less commonly seen technique in forensic laboratories for the detection of 
cannabinoids is DART-MS. DART is not a chromatographic technique, like GC or LC is, 
as it does not separate the components of a sample. However, like GC and LC, DART can 
be coupled to a mass spectrometer for identification purposes. DART is an ambient 
pressure ionization source meaning that ionization can occur in the open air and at room 
temperature (37). Since the reaction occurs out in the open air, sample preparation is 
minimal which is an advantage over GC and LC. Ionization using DART occurs when a 
gas, such as helium, is first passed through a discharge chamber where a cathode and anode 
produce an electrical discharge. The electrical discharge produces helium ions, electrons 
and excited metastables. In the next step, the ions, electrons and excited metastables pass 
through a perforated electrode which filters out and removes the ions from the gas 
depending on whether positive or negative ion mode is used. If positive ion mode is used, 
the negative ions are filtered out of the gas stream while in negative ion mode, the positive 
ions are filtered out to avoid any interaction with the analyte ions that are produced. In the 
last chamber of the ion source, the gas can be heated to a desired temperature (37). The gas 
then flows out of the source and into the open air where it interacts and collides with water 
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molecules or oxygen molecules. The interaction with water molecules forms protonated 
water clusters which collide and transfer their proton to the analyte (M), creating a [M+H]+ 
ion that can be detected in positive ion mode and is 1 atomic mass unit (amu) higher than 
the molecular weight of the compound. It is possible for other ions to be seen depending 
on the polarity of the analyte.  In negative ion mode, the interaction with oxygen molecules 
forms O2
- ions which can interact with the analyte and form ions such as [M-H]-, [M + 
OH]- or M- depending on the chemistry of the analyte. These positive or negative analyte 
ions then pass through to the mass spectrometer (38) (Figure 4). 
 
DART has been used in the analysis of controlled substances, explosives and food 
products (37). With respect to the analysis of cannabinoids, DART can be used to directly 
analyze raw plant material or liquid from marijuana e-cigarettes. A study that used DART-
MS to analyze e-cigarette liquid successfully identified cannabinoids of four different 
masses and over 12 terpenes, which are an additional type of compound found in cannabis. 
Figure 4. Schematic of a DART Ion Source. The ionizing gas, usually helium, flows into the 
DART source where the gas is excited by the high voltage needle. The gas is heated and excited 
metastables are produced. The gas stream exits the DART source into the open air sample gap where 
it interacts with the molecules in the air. The molecules in the air then collide with the sample to 
form ions. These ions then enter the mass spectrometer. Image provided courtesy of IonSense® 
(Saugus, Massachusetts). 
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In this study, the e-cigarette liquid and reference standards were prepared by dipping a 
glass melting point tube into a methanol dilution of each sample and passing it twice in 
front of the DART source (39). 
DART-MS is also capable of detecting cannabinoids from biological samples such 
as hair. Previous work has analyzed hair samples directly by DART-MS by placing the 
strands directly in front of the source, with no sample preparation required. With this 
method, THC was successfully detected (40). 
Another study used Thermal Desorption (TD) – DART-MS for the detection of 34 
different compounds. TD-DART-MS aims to increase reproducibility through the use of a 
thermal desorber and a glass tube to confine and direct the DART gas stream towards the 
sample. Using TD-DART-MS, CBC, CBN and THC were detected to a sensitivity of 0.25 
ng, 0.50 ng and 1.0 ng respectively (40). 
1.3.4 Mass Spectrometry 
As mentioned, the coupling of GC, LC or DART to a mass spectrometer creates a 
technique that can identify the components of a sample. A mass spectrometer consists of 4 
main parts: the sample inlet, ion source, mass analyzer and the detector (41). The general 
goal of mass spectrometry is to produce ions for separation based on their mass-to-charge 
ratio (m/z) and to detect the abundance of the ions within the sample (41). There are many 
types of mass spectrometers, each using different principles to achieve the same overall 
goal. The main type of mass spectrometer relevant to this work is the linear quadrupole 
mass spectrometer.  
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A linear quadrupole mass spectrometer has a mass analyzer consisting of 4 circular 
rod-shaped electrodes arranged in a square pattern. Each pair of rods opposite one another 
is held at either an alternating current (AC) or direct current (DC) current. As ions enter 
the quadrupole, the attractive and repulsive forces between the rods are alternating (41) . 
The quadrupole acts as a mass filter, allowing ions of a specific mass to flow through, while 
others will collide with the electrodes (42). With only one quadrupole, the compounds are 
ionized by the ion source and are then separated by their m/z ratio within the quadrupole 
which functions as the mass analyzer. Using tandem mass spectrometry, multiple 
quadrupoles can be used to improve the sensitivity of analysis. Triple quadrupole mass 
spectrometers consist of three quadrupoles in tandem to one another with each quadrupole 
referred to as Q1, q2 and Q3 respectively. The SCIEX 4000 QTrap instrument utilized in 
this work has the ability to utilize Q3 as both a traditional quadrupole as well as linear ion 
trap.   
1.3.5 Chemometric Analysis 
Chemometric analysis refers to the use of statistics and mathematics to simplify 
complex chemical data (43). Chemometrics began as an analytical tool in the 1970’s and 
by the mid-1980’s publishers had begun journals dedicated to the study and usage of 
chemometrics (44,45). Chemometric analysis software is capable of learning from a 
training set of known data and then forming predictions about unknowns based on what it 
has learned. Analyze IQ Lab is a type of chemometric analysis software that offers multiple 
data pre-processing options such as smoothing, derivative and normalization along with 
multiple machine learning algorithms that it employs to build predictive models. 
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Algorithms offered by Analyze IQ Lab include k-Nearest Neighbors (k-NN), PCA + linear 
regression and Spectral Attribute Voting (SAV). Models can be built in Analyze IQ Lab 
for both classification and quantification purposes (46). One important algorithm used in 
this research was k-NN, which assumes that things that are closest to each other are most 
similar (Figure 5). When graphed based on their characteristics, the closer an unknown 
sample falls to a known sample, the more likely it is that the unknown and the known are 
similar. This algorithm allows the user to set the number of neighbors (k) that it will 
consider when classifying an unknown (47). For example, if k is set at 3, the algorithm will 
consider the 3 closest data points to the unknown to determine which group the unknown 
belongs to. The use of chemometric software, such as Analyze IQ Lab, can compress and 
simplify complex data, such as mass spectra, and allow the user to better understand and 
interpret differences and similarities between multiple samples. 
 
Figure 5. Simplified View of k-Nearest Neighbors Algorithm. The k-Nearest Neighbors 
algorithm assumes that things that are within close proximity to each other are similar. In this 
example, the green circle serves as the unknown while the red triangles and blue squares serve as 
the two known groups of data points. Assuming that k=3, the k-NN algorithm would consider the 
three closest neighbors to the green circle and would predict that it is most similar to the red 
triangles since it is in closest proximity to that group.  
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2. MATERIALS AND METHODS 
2.1 UV-Vis Spectroscopy 
2.1.1 Sample Preparation  
 
Hemp samples were purchased from The Hempest (Boston, Massachusetts), which 
sources hemp from New England area farms. Marijuana samples were purchased from New 
England Treatment Access (NETA) (Brookline, Massachusetts), which grows marijuana 
in an indoor facility. Both the hemp and marijuana samples were used in a previous 
research project and were previously homogenized using the Lonzen® Rechargeable 
Electric Dry Herb Grinder (Amazon.com). The homogenized varieties of hemp and 
marijuana were stored in dram vials at room temperature. For this project, seven varieties 
of hemp and 5 varieties of marijuana were used (Table 2). To prepare samples for analysis, 
10 milligrams (mg) of the plant material was weighed out into a plastic weigh boat and 
then transferred to a plastic conical tube with 12.5 milliliters (mL) of acetonitrile (ACN) 
(Fisher Scientific, Waltham, Massachusetts). The use of the plastic weigh boats created 
static electricity between the plant material and the weigh boat so care is needed when 
transferring so as not to lose any of the plant material. After transferring the plant material 
Table 2. List of Hemp and Marijuana Samples. 
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into the conical tube containing the ACN, the conical tubes were vortexed for 
approximately 10 seconds. For analysis, a 1:10 dilution of the hemp or marijuana extracts 
were prepared by diluting 2 mL of the extract with 18 mL of ACN.  
2.1.2 Reagent Preparation 
 Aliquots of 1 mg of the FBBBS (Sigma Aldrich, St. Louis, Missouri) were prepared 
in 1.5 mL snap cap tubes and stored at -20°C for future use. When needed for analysis, 1 
mL of water (H2O) was added to one aliquot of FBBBS to a final concentration of 0.1%. 
Water was obtained from a reverse osmosis filtration system. The FBBBS solution was 
prepared on a daily basis.  
 Sodium hydroxide solution was prepared on a monthly basis using 5 mL of 10 
normal (N) sodium hydroxide (NaOH) (Fisher Scientific, Waltham, Massachusetts) and 95 
mL of H2O to a final concentration of 5% NaOH. The combination of 5% NaOH, 0.1% 
FBBBS, and ACN used for analysis will be further referred to as the “3-mix”.  
2.1.3 Method Development  
 Previous work on this topic outlined the preparation of the 3-mix for UV-Vis 
analysis using the Genesys™ 10uv Scanning Spectrophotometer and the Vernier Go-
Direct® SpectroVis® Plus Spectrophotometer (48). This work employs the use of the 
Vernier® UV-Vis Spectrophotometer (Figure 6) because it is more suitable for field use 
than the Genesys™ 10uv Scanning Spectrophotometer and has a larger scanning range than 
the Vernier Go-Direct® SpectroVis® Plus Spectrophotometer. The scanning range of the 
Vernier Go-Direct® SpectroVis® Plus Spectrophotometer is 380–950 nm while the 
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scanning range of the Vernier® UV-Vis Spectrophotometer is 220–850 nm which allows 
for better visualization of the absorbance spectrum for each sample (49,50). The previous 
work reported preparation of the 3-mix is as follows: 1. 100 microliters (µL) 5% NaOH, 2. 
100 µL 0.1% FBBBS, and 3. 1,000 µL ACN/extract (48). However, when this 3-mix 
preparation was used on the Vernier® UV-Vis Spectrophotometer, the peaks were off-
scale and an accurate absorbance could not be obtained. It’s possible that the Vernier® 
UV-Vis Spectrophotometer is more sensitive than those used in previous work and the 
amounts of the reagents in the 3-mix needed to be adjusted in order to accurately view the 
absorbance spectra with the analysis software. Keeping the ratio of 5% NaOH: 0.1% 
FBBBS at 1:1, the volume was first adjusted to 50 µL of each with 900 µL of ACN. With 
this preparation, the peaks were still off-scale. Next, the volumes of 5% NaOH and 0.1 % 
FBBBS were adjusted to 25 µL each with 950 µL of ACN. With this preparation, the peaks 
Figure 6. The Vernier UV-Vis Spectrophotometer. This spectrophotometer was used to 
gather UV- Vis data for this project. This spectrophotometer is small enough for field use and 
has a larger scanning range than other portable UV-Vis instruments. 
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were able to be properly visualized. However, when an extract of RB hemp was introduced 
instead of pure ACN, the peaks were again off scale. Dilutions of 1:2, 1:4, 1:5 and 1:10 
were prepared of RB hemp. It wasn’t until the 1:10 dilution was analyzed that the peaks 
were visible and an accurate absorbance value was recorded. Moving forward, the 3-mix 
preparation contained the following volumes: 1. 25 µL 5% NaOH, 2. 25 µL 0.1% FBBBS, 
and 3. 950 µL ACN/1:10 dilution of sample extract. 
 While the analytical method used in conjunction with the Vernier® UV-Vis 
spectrophotometer will be discussed in the next section, one feature of the 
spectrophotometer is that it is up to the user to determine when the instrument will stop 
collecting data from the sample. While the collection time is still ongoing, the spectrum 
may change. Because of this feature, it became important to determine how long was 
optimal to allow for data collection within the instrument. The results of this optimization 
will be discussed in a later section.  
 Experiments were also performed to compare plastic and quartz cuvettes. As 
mentioned, plastic cuvettes are inexpensive and disposable but strong organic solvents can 
begin to dissolve the plastic and components from the cuvette can contaminate the sample 
being analyzed. Quartz cuvettes are more expensive than glass and are not disposable but 
must be washed between uses. Quartz cuvettes are also able to withstand harsh solvents. 
Results of this comparative study will be discussed further. 
2.1.4 Analytical Method 
 The UV-Vis spectrometer used in this project was the Vernier® UV-Vis 
spectrophotometer along with the Vernier® Spectral Analysis software which can be 
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downloaded on a computer or phone. As mentioned previously, the scanning range for the 
Vernier® UV-Vis spectrophotometer is 220–850 nm. Additionally, the wavelength 
accuracy is ± 2 nm. For analysis, reagents were added into a 1.5 mL disposable, 
methacrylate, semi-microcuvette (Fisher Scientific, Waltham, Massachusetts). The 
reagents were added in the following order: 1. 25 µL 5% NaOH, 2. 25 µL 0.1% FBBBS, 
3. 950 µL ACN/sample extract. Reagents were mixed by pipetting up and down. According 
to previous research, the order in which reagents are added is important because if the ACN 
was added first, the NaOH and FBBBS would not mix properly and form a layer within 
the cuvette, which is not suitable for analysis (48).  
 The Vernier® UV-Vis Spectrophotometer has the ability to perform full spectrum 
absorbance scans. Once a cuvette is placed into the spectrophotometer, the “Collect” button 
is pressed and the instrument begins scanning. The instrument will continue scanning and 
the absorbance spectrum may fluctuate until the “Stop” button is pressed. After stopping 
the scan, the wavelengths and respective absorbances are shown in the form of a table to 
the right of the spectrum.  
The Vernier® UV-Vis Spectrophotometer also has the ability to perform 
absorbance vs. concentration experiments, using Beer’s Law. The absorbance versus 
concentration mode can be used to prepare calibration curves with certified reference 
materials (CRMs) of known concentrations. A linear fit can be applied to the calibration 




2.1.5 Certified Reference Materials 
 THC and CBD CRMs (Cayman Chemical, Ann Arbor, Michigan) were purchased 
at concentrations of 1 mg/mL in methanol. Using the full absorbance spectrum mode, the 
THC and CBD CRMs were each analyzed in triplicate using the following amounts: 1. 25 
µL 5% NaOH, 2. 25 µL 0.1% FBBBS, 3. 945 µL ACN and 4. 5 µL THC or CBD CRM. 
Using the absorbance vs. concentration (Beer’s Law) mode, calibration curves were 
prepared for both THC and CBD using concentrations ranging from 0.0025 mg/mL to 0.1 
mg/mL in ACN. When not in use, the CRMs were stored at -20 °C. 
2.2 DART-MS 
2.2.1 Sample Preparation 
 
The hemp and marijuana samples used for DART-MS analysis were the same as 
those used for UV-Vis analysis. Samples were prepared by measuring out 5 mg of plant 
material in plastic weigh boats and then transferring the material into an Eppendorf tube of 
1 mL of methanol (Fisher Scientific, Waltham, Massachusetts). Each sample was vortexed 
for approximately 10 seconds to mix and left to sit for approximately 15 minutes. 
Following the 15 minutes, 950 µL of the extract was transferred away from the plant 
material and into a new Eppendorf tube. Samples were stored at room temperature.  
2.2.2 Method Development 
 Two sample introduction methods were first compared. The first and simplest 
method used tweezers to hold a small portion of the plant material in front of the DART 
source. The second method used a solvent extraction of the plant material which was then 
spotted on QuickStrip™ sample cards provided by IonSense® (Saugus, Massachusetts). 
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After the solvent evaporated, the QuickStrip™ was placed in front of the DART source for 
analysis. The results of these analyses will be shown and discussed further in the results 
section. 
 Experiments to optimize the DART source temperature were also performed. It’s 
important that the temperature of the DART source is not too high or too low. If the 
temperature is too high the ion intensity of extraneous background ions could mask the 
analyte of interest. If the source temperature is too low, analyte may be desorbed from the 
mesh in very low levels. Source temperatures of 200°C, 250°C and 300°C were tested 
using both hemp and marijuana samples. Results of these experiments will be discussed 
further. 
2.2.3 Analytical Method 
 The ionization source used in this analysis was the DART® standard voltage and 
pressure (SVP) ion source (IonSense®, Saugus, Massachusetts). The DART software that 
controls the ion source allows the user to set multiple parameters (Table 3). The heater wait 
time setting allows the user to set the length of time that the gas flows out of the source 
before the samples are passed in front of it. The sample speed is the speed at which the 
linear rail moves as the samples pass in front of the source. The contact closure delay 
setting allows users to set the wait time in between samples as they pass in front of the 
source.  
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For detection, preliminary data collection was performed using a Waters™ 
ACQUITY® QDa Mass Detector with MassLynx™ software from Waters Corporation 
(Milford, Massachusetts). The remainder of the analyses were performed with an AB 
SCIEX 4000 QTrap LC/MS/MS® system with SCIEX Analyst® software (Framingham, 
Massachusetts) (Table 3). Analysis was performed using QuickStrip™ sample cards 
(Figure 7). Three μL of each sample was pipetted onto each sample area of the 
QuickStrip™ and placed into the QuickStrip™ holder that is positioned between the 
Table 3. DART-MS Parameters Used in Analysis. 
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DART® ion source and the entrance to the mass spectrometer. The DART® ion source 
was run at 250 °C using the “QuickStrip” method within the DART® software.  
2.2.4 Certified Reference Materials 
 The previously described THC and CBD CRMs were used in DART-MS analysis. 
Each CRM was a 1 mg/mL stock in methanol. Each CRM was analyzed by spotting 3 μL 
onto a QuickStrip™ card, resulting in 3 μg of material.  The same analytical method as 
previously outlined was followed.  
2.2.5 Chemometric Analysis with AnalyzeIQ 
 The chemometric software used for further data analysis was Analyze IQ Lab 
version 3.0 (Galway, Ireland). In order to create a training set for the software to learn 
from, 3 hemp samples (B, CB, and RB) and 3 marijuana samples (BTK, GG, and WK) 
were analyzed by DART-MS using the previously described methods. Thirty replicates of 
each sample were analyzed for a total of 180 samples. The data was exported from the 
Analyst software in the form of a text file containing each value between m/z 50 and 500 
Figure 7. DART SVP Ion Source Interfaced to SCIEX 4000 QTrap. The DART source 
(right) is interfaced at the entrance to the SCIEX 4000 QTrap (left) with the QuickStrip™ 
positioned in between. The QuickStrip™ sits in the QuickStrip™ holder which is 
positioned on the linear rail. The linear rail moves at a user set speed as the samples are 
passed in front of the source. 
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and the intensity of the ion present. One large csv (comma separated values) file was 
created by the AnalyzeIQ software in which the hemp samples were labeled with “yes” 
and the marijuana samples were labeled with “no”. These classifiers are used to distinguish 
between the two sample types. Once the data was imported into the software, there are 
multiple pre-processing options to choose from. The effectiveness of many of the options 
will be discussed further in the results section but the chosen methods were to first smooth 
the data and then to normalize it. When deciding what method or algorithm to use multiple 
options were explored and will be discussed further. The software then reports how well 
the method was able to classify the samples using the chosen method and the method can 
be saved for future use with unknown samples. Once the method has been built and saved, 
additional hemp and marijuana samples which were not included in the training set (ATW, 
GTH, L, SH1, SP, and SSC) were evaluated using the method. When the mass spectrum 
of an unknown sample is uploaded into the software, pre-processing should be done before 
applying the method. Ideally, the same pre-processing that the method was built upon 
should be applied to the unknown data set. Once pre-processing the unknown is complete, 
the method can be applied. In this case, the hemp training samples were marked “yes” 
while the marijuana samples were marked “no”. When testing an unknown with this 
method, if the result is a “Yes” then the method is indicating that the unknown sample is 
hemp while if the result is “Value was not found in the test spectrum” then the model is 
indicating that it is not hemp. A marijuana model was also created using the same pre-
processing techniques and the same method. In this case, the “yes” classification was 
applied to marijuana samples while “no” was applied to the hemp samples. When 
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evaluating an unknown with this model, a “Yes” result would indicate that the sample 
matches that of the marijuana and a “Value was not found in the test spectrum” result would 
indicate that the sample is not marijuana. Both of these models were tested against multiple 










































3. RESULTS AND DISCUSSION 
3.1 UV-Vis Spectroscopy 
3.1.1 Optimization of Data Collection Time 
When a sample cuvette is placed into the spectrophotometer, data collection begins 
when the “COLLECT” button is pressed. The spectrophotometer will continue collecting 
data until the “STOP” button is pressed and during the collection period, the absorbance of 
any peaks may increase or decrease. Experiments were performed to determine the optimal 
length of time for data collection within the instrument using the THC and CBD CRMs 
(Figure 8). With each time point, a new sample of the 3-mix with the CRM was prepared. 
Previous to this optimization, the data, which includes the analysis of all hemp and 
marijuana samples, was collected for approximately 30-45 seconds. In the case of both 
Figure 8. Optimization of UV-Vis Data Collection Time with THC and CBD Certified 
Reference Material. THC (a) and CBD (b) certified reference materials were analyzed at 4 time 
points ranging between 10 seconds and 5 minutes. The time points between 10 second and 1-minute 
show similar intensities and the peaks are clearly visible. At the 5-minute time point, the absorbance 
is more intense but the peak becomes less distinguishable. 
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THC and CBD, the results remain mostly stable between the 10 second and 1-minute mark. 
At 5 minutes, the absorbance around 290 nm appeared to increase, more so with the THC 
as compared to the CBD. At the 5-minute mark, the absorbance of CBD at approximately 
290 nm deviates from the pattern seen at the earlier time points, potentially making it more 
difficult to recognize and interpret. This can also be seen in the THC sample. Additionally, 
while all of the CBD samples showed an absorbance at approximately 470 nm, the intensity 
of the absorbance at 5 minutes seemed to have increased the most compared to the other 
time points. With THC, there seemed to be very little to no absorbance at approximately 
470 nm up until the 5-minute mark. While there was an increase in absorbance with a 5-
minute data collection time, it appeared that some peaks began to lose their shape at this 
point. Additionally, by 5 minutes, the color produced in the cuvette had faded drastically 
and the solution was mostly colorless. Based on the data, it seems as though shorter 
collection times produce clearer peaks. It was determined that a 1-minute collection time 
may be the most optimal moving forward but that the same peaks can be seen with shorter 
times such as 10 or 30 seconds. Analyses performed before this optimization, which will 
be discussed further, used a 30-45 second collection time and also produced clear, 
unambiguous peaks.  
3.1.2 Comparison of Plastic and Quartz Cuvettes 
All of the UV-Vis analyses were performed using plastic cuvettes. However, the 
data had been showing a straight line before 250 nm at an absorbance of 3.0, possibly 
indicating that the absorbance was so high that it was off the scale of the graph. Following 
that straight line, the spectrum dropped sharply and peaks were visible. In an effort to 
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address these possible off scale peaks, plastic cuvettes were replaced with quartz. Quartz 
cuvettes were used in the analysis of the BTK marijuana sample. Blank samples were 
analyzed in both the plastic and quartz cuvettes prior to sample analysis. Upon comparing 
the analyses in each cuvette type, there appeared to be some differences between the results 
(Figure 9). With both the plastic and quartz cuvettes, the same peaks were present at similar 
absorbance values. The plastic cuvette resulted in an absorbance of 0.746 at almost 300 nm 
while the quartz cuvettes resulted in slightly lower absorbance values at the same 
wavelength. One of the first notable differences between the two cuvette types was that 
while the plastic cuvette resulted in a deep jagged valley spanning from approximately 325 
nm to 450 nm, the quartz cuvettes resulted in a smoother, less shallow valley. This jagged 
valley, however, does not occur in every sample that has been analyzed with a plastic 
cuvette. The second notable difference was the partial elimination of the off-scale portion 
Figure 9. Comparison of Plastic and Quartz Cuvettes for UV-Vis Analysis. Three replicates 
of BTK marijuana were analyzed; once in a plastic cuvette and twice in a quartz cuvette. The 
quartz cuvette resulted in smoother spectra and also allowed for more of the spectra below 250 






of the spectrum at less than 250 nm. With the plastic cuvette, the data was not visible until 
approximately 250 nm while with the quartz cuvette, the data began much sooner, at 
approximately 225–230 nm. Due to better visualization of the data using quartz, it appeared 
that there was a very small peak beginning to form at approximately 260 nm which is not 
present when using the plastic cuvette. 
While the quartz cuvettes allowed for better visualization of the data and may be 
something to explore more in the future, this experiment was performed after the analysis 
of the hemp and marijuana samples. The results discussed in the next section were 
generated with the use of plastic cuvettes.  
3.1.3 Analysis of Hemp and Marijuana Samples 
Seven hemp samples were first analyzed in triplicate. The following hemp samples 
were included in the analysis: B, CB, L, RB, SH1, SP and SSC (Figure 10). Upon 
preparation of each hemp sample, an orange color was produced inside the cuvette, ranging 
from a light orange to a dark orange depending on the specific sample. This color formation 
was consistent with that reported by Dos Santos et al. (27). The orange color was 
Figure 10. UV-Vis Analysis of Hemp Samples in Triplicate. All samples with the 
exception of B display an absorbance between 468–471 nm, which displays a maximum 
absorbance between 463–470 nm. CB, L RB, SH1 and SP all display the same general pattern 
and have a second absorbance between 280–290 nm. B has a small second absorbance at 314 
nm and SSC seems to display a very broad second peak between 300–350 nm. 





consistently seen throughout all the analyses of the hemp samples and while at first the 
color was distinct, it faded to a pale orange over a matter of minutes. All replicates 
displayed a maximum absorbance between 468 and 471 nm with the exception of one 
replicate of B, which had a maximum absorbance over a wider range of 463–470 nm (Table 
4). SH1 had the highest maximum absorbance while SSC had the lowest. The overall 
patterns of the samples looked similar with the exception of B and SSC. CB, L, RB, SH1, 
and SP all had a second absorbance appearing between 280–290 nm. CB and SH1 had the 
highest absorbance values in that wavelength range. It should be noted that while these 
samples were purchased as hemp samples, the true origin of these samples is not known. 
Further evaluation of the samples is needed to determine their true origin. Similar to the 
other samples, B had a second absorbance but it occurred at approximately 314 nm. 
Additionally, there was a small sharp peak present at approximately 327 nm. Each of these 
additional peaks were seen in each of the three replicates. B was also the only sample that 
did not contain an absorbance value below zero. A second absorbance may have been 
visible in SSC, spanning the wavelength range from 300–350 nm, however it was very 
Table 4. Absorbance Values Between 468–471 nm for Hemp Sample Replicates. 
* - Hemp sample B fell within the range of 463–470 nm. 
Absorbance (Abs) at 468-471 nm Avg Abs
Sample #1 #2 #3
B* 0.483 0.498 0.475 0.485
CB 0.717 0.703 0.747 0.722
L 0.604 0.582 0.627 0.604
RB 0.808 0.766 0.842 0.805
SH1 0.820 0.931 0.810 0.854
SP 0.718 0.716 0.728 0.721
SSC 0.365 0.344 0.385 0.365
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broad and it was difficult to determine if it was indeed a true peak. The sample with the 
most reproducible results was SP, with each of the three replicates falling within a range 
of 0.012 (Table 4). 
 The seven hemp samples were also analyzed on the same graph in order to better 
visualize how each compared to the others (Figure 11). Next to the spectra is a table 
denoting the color of each sample on the spectra along with the wavelengths at which each 
of the two absorbances occur. Arrows were added to spectra to help in distinguishing the 
purple spectrum (SH1) from the black spectrum (SP). Unlike the previous analyses, all 7 
of these samples followed the same patterns and the absorbances fell within 5 nm of each 
other. The previous wavelength ranges described remained consistent across the samples. 
Figure 11. UV-Vis Analysis of Hemp Samples on a Single Graph. When analyzed on a single 
graph, all samples fall into the same pattern with one absorbance between 285–290 nm and a 
second absorbance between 468–470 nm. The samples that were previously considered outliers, B 
and SSC now look similar to the remaining samples. The samples also show variation in the 
intensity of the absorbance values at these wavelength ranges, possibly suggesting varying 
concentrations of cannabinoids in each sample. 
Purple
Black
Sample Color Abs 1 (nm) Abs 2 (nm)
B Yellow 286 469
CB Pink 288 469
L Light Blue 286 470
RB Red 285 470
SH1 Purple 286 468
SP Black 286 470
SSC Dark Blue 290 468
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Most notably B and SSC, which were somewhat outliers when analyzed in triplicate 
(Figure 10), look similar to the remaining samples analyzed on the same graph (Figure 11). 
The intensity of the absorbance values seen at these wavelength ranges also varied among 
samples. This suggests that the samples contained a varying concentration of cannabinoids, 
which is to be expected.  
The maximum absorbance of the hemp samples, observed within the range of 468 
nm to 470 nm is in agreement with a previous study that found the absorption maxima of 
CBD to be 470 nm (28). Previous work on this project also found the maximum absorbance 
of the analyzed hemp samples to be within the range of 466–469 nm (48).  
The analyses of the samples in triplicate as well as the analyses of all samples on 
the same graph were performed on the same day and resulted in variations among samples 
from the same source. This suggests that more replicates of each sample may need to be 
produced in order to further understand the data and what may cause changes within the 
spectra.  
 Like the hemp samples, the five marijuana samples were also analyzed using the 
same two formats. The marijuana extracts were prepared two days prior to analysis and 
kept at room temperature. When each of the marijuana samples were added into the cuvette 
with the 3-mix, a golden yellow color was produced. Like the hemp samples, this color 
formation was consistently seen across all analyses of the marijuana samples. Upon initial 
addition of the extract to the 3-mix, the color was easily identifiable as orange (for the 
hemp samples) or golden yellow (for the marijuana samples) but the color faded over a 
matter of minutes. The golden yellow color formation seen with the marijuana samples is 
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inconsistent with Dos Santos et al. who reported that a red chromophore is produced with 
THC (27). The reason behind this discrepancy in color formation is still unknown and 
further evaluation of the method is needed.  
The pattern amongst the marijuana samples analyzed in triplicate remained 
consistent amongst each of the five samples (Figure 12). While the hemp samples showed 
a primary absorbance around 470 nm, absorbance at that wavelength appeared to be absent 
from most of the marijuana samples. BTK, GG, GTH seemed to have a small peak in the 
470 nm range but it may not be a true peak and it’s difficult to determine where the apex 
of the “peak” is located. There was no absorbance observed at 470 nm for ATW and WK. 
The main absorbance of the marijuana samples occurred between 295–298 nm and the 
absorbance at this wavelength range never exceeded 0.437 (seen with GTH) (Table 5). In 
general, the maximum absorbance values were lower than that seen in the hemp samples. 
Figure 12. UV-Vis Analysis of 5 Marijuana Samples in Triplicate. The overall patterns 
of absorbance values seen in each sample is consistent. The maximum absorbance for 
each of these samples appears in the range of 295–298 nm. BTK, GG and GTH have a 
low intensity, broad peak around 470 nm, which is in the same range as the hemp samples. 
However, any absorbance at 470 nm is absent from ATW and WK. 
a) ATW b) BTK c) GG
d) GTH e) WK
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When analyzed together on the same graph, the same overall pattern was observed between 
the five  samples  (Figure 13). However, the wavelength at which the maximum absorption 
occurred changes from the previous analysis (Figure 12). For example, when analyzed 
individually, the maximum absorbance fell between 295–298 nm for all samples but when 
reanalyzed the maximum absorbance of ATW and GG occurred at 293 nm and 299 nm 
respectively, which is slightly outside the initial range seen. Additionally, like the previous 
Table 5. Absorbance Values Between 295–298 nm for Marijuana Sample Replicates. 
Figure 13. UV-Vis Analysis of Marijuana Samples on a Single Graph. The wavelength 
range at which the maximum absorbance values are observed is consistent across all 5 
samples. However, when analyzed in the triplicate the absorbance values were observed 
between 295–298 nm and when analyzed together the range has widened to 293–299 nm. 
Like most of the previous analyses, the absorbance at 470 nm is absent. 
Abs at 295-298 nm Avg Abs
Sample #1 #2 #3
ATW 0.305 0.254 0.409 0.323
BTK 0.188 0.243 0.272 0.234
GG 0.425 0.376 0.407 0.403
GTH 0.437 0.377 0.427 0.414
WK 0.215 0.294 0.266 0.258
All extracts prepared 2 
days prior to data 
collection 
Abs @ ~470 nm is similar 
to the hemp samples but 
the abs values for the 
marijuana samples are 
much lower
Alexis reports a general 
range of 464-470 nm
Seems like her 
individual analyses look 
different from when all 
the sample are analyzed 
on the same graph
Sample Color Abs (nm)
ATW Red 293
BTK Light Blue 293
GG Yellow 299
GTH Dark Blue 298
WK Pink 296
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analyses in triplicate, any absorption around 470 nm was difficult to distinguish or was all 
together absent from the spectrum.  
The absorbance around 470 nm is observed most prominently in the hemp samples 
and very weakly or not at all in the marijuana samples which could suggest that CBD 
absorbs at this wavelength. Previous studies involving the UV-Vis analysis of cannabinoids 
reported varying results. Research from Watanabe, Yamaki, Yamamoto and Yoshimura 
found that the absorption maximum of THC was 489 nm. In this work, absorbance at that 
wavelength was never observed. dos Santos et al. reported that a positive result for 
marijuana was proved by an absorption at 471 nm. As discussed previously, three 
marijuana samples were observed to have low intensity absorbances around 470 nm but in 
the remaining samples, an absorbance at that wavelength was absent. The previous work 
on this project also reported a maximum absorbance for the marijuana samples within 470–
480 nm (48). Again, this is inconsistent with the results seen in this work. However, the 
previous work employed the use of a different spectrophotometer with a smaller scanning 
range of 380–950 nm. This means that the absorbance values for the marijuana samples 
seen within this work (293–299 nm) would fall outside the range that the previous 
spectrophotometer was capable of analyzing.  
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 As another form of comparison, three hemp samples and three marijuana samples 
were analyzed on the same graph (Figure 14). The 3 hemp samples had a clear absorbance 
at approximately 470 nm while with the marijuana samples, the spectra displayed flat lines. 
The maximum absorbance of each sample from approximately 285–300 nm varied 
amongst the samples. The hemp samples displayed a maximum absorbance at 286 nm 
while the maximum absorbance for the marijuana samples was observed between 296–298 
nm. These wavelength ranges are consistent with those previously observed in analysis of 
each sample type. The intensity of the absorptions varied amongst the hemp samples. At 
470 nm, CB displayed the highest absorbance of 0.432 while SSC displayed the lowest 
absorbance of 0.214, a range of 0.218. Absorbance values for both of these samples were 
lower than that observed in previous analyses (Table 4). Similarly, at 286 nm, the 
absorbance of CB was 0.532 and the absorbance of SSC was 0.288 which is a difference 
Figure 14. UV-Vis Analysis of 3 Hemp and 3 Marijuana Samples on a Single Graph. 
The hemp samples display one absorbance at 286 nm and a second absorbance between 
469–470 nm. The marijuana samples display only one absorbance between 296–298 nm. 
These ranges are consistent with previous analyses. 
Sample Color Abs 1 (nm) Abs 2 (nm)
B Red 286 469
SSC Light Blue 286 470
CB Yellow 286 470




of 0.244. Amongst the marijuana samples, the maximum absorbance values between 296–
298 nm were more consistent. The highest absorbance value was 0.372, observed in ATW 
and the lowest absorbance was 0.306, observed in BTK, a range of only 0.066. While 
differences were observed in absorbance spectra of the hemp and marijuana samples, 
further evaluation of these differences is necessary in order to determine how feasible UV-
Vis spectroscopy is as a differentiation technique. 
3.1.4 UV – Vis Analysis of Certified Reference Materials 
 THC and CBD certified reference materials were first analyzed to visualize the 
spectra of each and for comparison to each other. The concentration of the CRM in each 
cuvette was 0.05 mg/mL. Each reference material was also used to create a calibration 
curve, for potential quantitation of THC and CBD. Each of the certified reference materials 
were analyzed individually in triplicate and then on the same graph as the hemp or 
marijuana samples. The THC samples (Figure 15a) displayed an absorbance ranging 
between 292–293 nm between the three replicates which is closely in line with the 
Figure 15. UV-Vis Analysis of THC and CBD Certified Reference Material. The THC 
CRM (a) displayed an absorbance ranging between 292–293 nm which is in close 
agreement to the wavelength range seem amongst the marijuana samples. The CBD CRM 
(b) displayed two absorbance values between 291–293 nm and 471–474 nm which are 
both slightly outside the range seen with the hemp samples. One replicate of the CBD 
CRM displayed a very low intensity absorbance compared to the additional two replicates. 
a) b)
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marijuana samples. Similarly, the CBD samples (Figure 15b) displayed an absorbance 
ranging between 291–293 nm which is again, close to that seen with the hemp samples but 
still outside of the range observed. The second absorbance seen amongst the CBD samples 
fell within the range of 471–474 nm. The range reported from the analyses of the hemp 
samples was 468–471 nm. The specifications of the UV-Vis spectrophotometer used lists 
the wavelength accuracy as ±2 nm. This suggests that a maximum absorbance at 470 nm 
could actually fall anywhere between 468 and 472 nm. With this in mind, there is good 
agreement between the wavelength ranges of the certified reference materials and the hemp 
and marijuana samples analyzed. 
Additionally, the absorbance values observed in each of these analyses varied from 
sample to sample. For example, the maximum absorbance seen in the THC samples was 
0.463 while the minimum was 0.288. The variation in absorbance of samples from the same 
Figure 16. UV-Vis Analysis of Hemp Samples and CBD Certified Reference Material. The 
absorbance spectrum of the CBD CRM is in good agreement with the absorbance spectra of the 
hemp samples both in terms of the wavelength at which the absorbance occurs and the intensity 
of the absorbance. 
Sample Color Abs 1 Abs 2
CBD Red 293 nm 471 nm
L Blue 291 nm 471 nm
B Yellow 292 nm 472 nm
SSC Dark Blue 293 nm 472 nm
CB Pink 290 nm 471 nm
SP Black 289 nm 470 nm
44 
source could be due to small differences in the sample preparation or small changes in the 
data collection time within the instrument.  
Each reference material was analyzed again, for comparison to the sample extracts. 
The analysis of CBD along with 5 hemp samples is shown along with the wavelength at 
which the maximum absorbance occurs (Figure 16). The maximum absorptions of CBD 
occurred at 293 nm and 471 nm which is in agreement with the previous analyses of the 
CBD reference material. The hemp samples displayed maximum absorptions between 
289–293 nm and 470–473 nm which is in agreement with the CBD reference material and 
is also closely in line with the previous analyses of the hemp samples. The THC reference 
material looks very different from the marijuana samples (Figure 17). Observed differences 
may be a result of co-extracted compounds or matrix effects within the sample extracts. 
The absorbance at 292 nm observed in the THC reference material, at an intensity of 
Figure 17. UV-Vis Analysis of Marijuana Samples and THC Certified Reference 
Materials. The THC CRM displays an absorbance at 292 nm which is in close agreement 
with the marijuana samples. However, the absorbance value of THC is significantly higher 
than that seen in the marijuana samples.  
Sample Color Abs 
THC Red 292 nm
ATW Blue 293 nm
BTK Yellow 298 nm
GG Dark Blue 299 nm
GTH Pink 298 nm
WK Black 297 nm
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approximately 0.75, is significantly more intense than the marijuana samples. The 
absorbance value observed here is also higher than that observed in previous analyses of 
the THC reference material at the same concentration (Figure 16), which highlights the 
lack of reproducibility with this method. However, the observed wavelength range of 292–
299 nm amongst all samples remains consistent with the previous analysis of the marijuana 
samples. 
The THC and CBD were also used to create calibration curves in an effort to 
quantitate the amount of THC or CBD in a given sample. Multiple attempts were made 
with each reference material to prepare calibration curves. Reproducing an accurate 
calibration curve was difficult. In order to create a calibration curve, one wavelength must 
be chosen. 292 nm and 470 nm were chosen as the wavelengths for THC and CBD 
Figure 18. THC Calibration Curve. A THC calibration curve was prepared with THC 
CRM using 5 calibrators ranging from 0.1 mg/mL to 0.0025 mg/mL The r2 value of 
this calibration curve is 0.9992 which is within the acceptable limits. However, the 
absorbance of the highest calibrator was reported as the highest possible absorbance 
able to reported by the instrument, suggesting that this value may be unreliable. 
Concentration (mg/mL)
THC Calibration Curve







respectively. The most successful attempts at a calibration curve with THC and CBD are 
shown. The THC calibration curve contained 5 calibrators ranging from 0.0025 mg/mL to 
0.1 mg/mL (Figure 18). The r2 value for the THC calibration curve was 0.9992, however 
other attempts produced r2 values of 0.75, 0.86 and even -0.4, with most of them taking 
place on the same day. In the calibration curve shown (Figure 18), the absorbance value of 
the 0.1 mg/mL calibrator was reported as 3.000 which is the highest absorbance that the 
instrument is capable of reporting out. For this reason, the actual absorbance of the 0.1 
mg/mL calibrator may be higher than 3.0 and this value may be unreliable if the upper limit 
of quantitation has been reached. If the absorbance is actually higher than 3.0, the data may 
not be as linear as it appears and the r2 value may be lower. Upon removal of the 0.1 mg/mL 
calibrator, the remaining 4 calibrators resulted in an r2 value of 0.9927. 
For the CBD calibration curve, an additional calibrator was added between 0.1 
mg/mL and 0.05 mg/mL in hopes of improving the linearity of the data.  (Figure 19). The 
Figure 19. CBD Calibration Curve. A CBD calibration curve was prepared with CBD CRM using 
6 calibrators ranging from 0.1 mg/mL to 0.0025 mg/mL The r2 value of this calibration curve is 
0.9981 which is within the acceptable limits. However, with both CRMs reproducing a successful 
calibration curve was difficult. Samples of the same concentration produced from the same stock 
produced varying absorbance values and curves were produced with varying r2 values. 
CBD Calibration Curve










r2 value of the CBD calibration curve was 0.9981 and while this is considered successful, 
a number of additional calibration curves prepared on the same day failed. Additional 
replicates produced r2 values ranging from 0.65 to 0.94. Additionally, absorbance values 
of the same concentration produced from the same stock solution varied widely between 
replicate calibration curves. In other attempts, the 0.1 mg/mL calibrator was reported to 
have an absorbance value of 3.000 (similar to the above THC calibration curve) and 0.345. 
Additionally, the absorbance of the 0.05 mg/mL calibrator varied from 2.173 to 0.225, 
which is about a ten-fold difference in absorbance. These results display a lack of 
reproducibility in the quantitative method, as currently performed and further work needs 
to be done to determine how the reproducibility can be improved.  
The data collection time of all samples in all of the calibration curves was 1 minute. 
While all aspects of the analyses were kept the same as much as possible, the issue with 
reproducibility could lie with the interaction of the FBBBS with the THC or CBD. 
However, the volume of FBBBS added to each sample cuvette was constant throughout 
every analysis and the cuvette was mixed by pipetting up and down before placement into 
the instrument. Additionally, when it came to analyzing the CRMs using the full 
wavelength scan, which were previously discussed (Figure 15), the absorbance value from 
sample to sample did not vary as widely as was seen when using the Beer’s Law function 
of the instrument. While part of the goal was to utilize calibration curves for the 
quantitation of THC and CBD, the lack of reproducibility did not allow for reliable 




3.2.1 Comparison of Sample Introduction Methods 
Preliminary data for all hemp and marijuana samples was gathered at IonSense, Inc.  
in Saugus, Massachusetts using the DART® ion source and the Waters™ ACQUITY® 
QDa mass detector. Two sample introduction methods were first compared in order to 
determine which was the most effective for producing clear mass spectral data: 1) holding 
a portion of the plant material in front of the DART source with tweezers and 2) a solvent 
extraction followed by spotting the extract onto the QuickStrip™ cards. All seven hemp 
samples and all five marijuana samples were tested using the tweezer method. Two 
marijuana samples, ATW and BTK, and two hemp samples CB and SP were analyzed 
using the QuickStrip™ method for comparison purposes. All analyses were performed 
Figure 20. Comparison of Sample Introduction Methods for DART-MS. Using SP, solid plant 
material was held in front of the DART source using tweezers (a). Then a solvent extraction was 
performed using SP in methanol (b). Using the tweezers, reproducing the data was difficult and 
plant material would often get inside the mass spectrometer, causing a blockage. The solvent 




with a DART source temperature of 250° C. Comparison between the two sample 
introduction methods is shown using SP hemp (Figure 20). The mass spectrum for both 
methods was obtained by averaging approximately a 10 second portion of the extracted ion 
chronogram for the m/z 315 ion. The molecular weight of both THC and CBD is 314.5 
g/mol and the parent ion in positive ion mode is approximately m/z 315, which is the 
[M+H]+ ion. Both methods of sample introduction allowed for visualization of the m/z 315 
ion [M+H]+ for THC and CBD; however, the tweezer method proved more difficult and 
resulted in more extraneous ions, likely contributed by the plant material in comparison to 
the solvent extraction and QuickStrip ™ method. Due to the nature of the tweezer method, 
reproducibility was difficult as it required the plant material to be held in the same spot 
every time and for the same amount of time. It was also possible for plant material to be 
pulled into the mass spectrometer which, with the QDa, required removing a portion of the 
instrument and cleaning away any debris. Another issue was that holding the sample in 
front of the source could block the gas stream completely, allowing little to no ions to enter 
the mass spectrometer. In terms of the resulting mass spectra, the tweezer method resulted 
in the presence of more extraneous ions when compared to the solvent extraction method 
which can clutter the spectrum and can make interpretation difficult. While the tweezer 
method was the fastest, it was not the most effective. Therefore, the solvent extraction 
followed by the analysis using the QuickStrip™ cards became the method of choice. 
3.2.2 Comparison of Helium and Nitrogen Ionization Gas 
While the most common gas used with DART is helium, the previous samples 
shown (Figure 20), were analyzed using nitrogen gas, due to a mix up with the gas lines. 
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Because of this, the QuickStrip™ analyses using the same two marijuana and hemp 
samples were repeated ensuring the use of helium gas. For comparison, BTK was analyzed 
by (a) nitrogen DART and (b) helium DART (Figure 21). The mass spectra under both 
conditions looked almost identical to each other. Both mass spectra contained the same 
prominent ions and both were of similar intensity, 7.20 x 106 under nitrogen and 6.49 x 106 
under helium. The only differences were the presence or absence of low level ions such as 
m/z 79, 104, 133 and 272. Using nitrogen, ions m/z 104, 116, 133 and 272 were present 
while with helium only ions m/z 79 and 116 were present. The mass spectra for the 
remaining three samples also had near identical results with both gases. While it was an 
error that led to the use of nitrogen gas, the mass spectra show that the results are similar 
Figure 21. Comparison of Ionization Gas for DART-MS. Due to gas lines being switched, 
samples were initially analyzed using nitrogen gas rather than helium. BTK was analyzed with 
nitrogen gas (a) and then reanalyzed with helium gas (b). The resulting spectra look very similar 
both in terms of the ions present and the intensity of the ions. While only helium was used 
moving forward, this data suggests that obtaining a spectrum from a marijuana sample is 




for hemp and marijuana and that analysis of cannabis with nitrogen DART is possible. 
However, helium DART was used exclusively in future analyses. 
3.2.3 DART Source Temperature Optimization 
While the sample introduction experiments were conducted using a DART source 
temperature of 250°C, optimization of the source temperature needed to be done to ensure 
that adequate analyte, especially the high mass compounds, are desorbed and that the mass 
spectral data isn’t overwhelmed with background ions. The three source temperatures used 
in the optimization were 200°C, 250°C and 300°C. As with the previous experiments, 
Figure 22. Comparison of DART Ionization Gas Temperature. ATW was analyzed 
using three different ionization gas temperatures: a) 200°C, b) 250°C, and c) 300°C Across 





ATW and BTK and CB and SP were used for analysis using the solvent extraction method. 
ATW (Figure 22) is shown at each of the three different source temperatures in increasing 
order from top to bottom. With ATW, there were no major differences between the three 
temperatures. The intensities were all on the same order of magnitude and the 315 ion was 
the most abundant across all three temperatures. At 200°C, the m/z 357 ion was about ¼ 
of the abundance of the m/z 315 ion (Figure 22a) but by 300°C the m/z 357 ion was ½ of 
the abundance of the m/z 315 ion (Figure 22c). This suggests that at as the temperature 
increased, the abundance of the m/z 315 ion increased meaning that more of the CBD or 
THC is being desorbed off of the QuickStrip™. Given that there were no major differences 
between the three temperatures tested, 250°C was chosen moving forward with analyses 
as it fell in the middle of the temperature ranges tested. 
3.2.4 Initial Analysis of all Hemp and Marijuana Samples 
Once a DART source was obtained from IonSense®, it was installed on the front 
end of an AB SCIEX 4000 QTrap LC/MS/MS® system located on campus at the Boston 
University School of Medicine. Further analyses were carried out using this instrument. 
The five marijuana samples and seven hemp samples were prepared according to the 
methods outlined above. All samples were run in triplicate using four QuickStrip™ cards 
and each card included two blank samples and 1 solvent sample containing only methanol.  
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One replicate is represented for each of the five marijuana samples: ATW, BTK, 
GG, GTH, and WK (Figure 23a-e) and five of the seven hemp samples: B, CB, L, SH1, 
and SSC (Figure 23f-j). The marijuana samples are labeled in blue text and the hemp 
samples are labeled in red text. Amongst all ten samples, the m/z 315 ion, representing 
THC or CBD, was the most abundant. The base peaks of the ten samples were all similar 
to each other and were somewhere on the order of 106. One of the major noticeable 
Figure 23. DART-MS Spectra of Hemp and Marijuana Samples. The mass spectra of all 
samples show the m/z 315 ion as the most abundant. The marijuana samples (a-e) also have 
a prominent m/z 357 ion. The hemp samples (f-j) have a prominent m/z 359 ion which is 
consistent with THCA, CBDA and CBCA. The maximum intensity of all samples is on the 








e) WK j) SSC
i) SH1
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differences between the two sample types was the presence of the m/z 357 ion in marijuana 
samples and the m/z 359 ion in the hemp samples. The m/z 357 ion was of highest 
abundance in ATW, GTH and WTK (Figure 23a,d,e) while it was least abundant in BTK 
and GG (Figure 23b,c). A m/z 359 ion was present in each of the five marijuana samples, 
but at a higher abundance than the m/z 359 ion in the five hemp samples. It is believed that 
the m/z 359 ion can be attributed to THCA, cannabidiolic acid (CBDA) or 
cannabichromenic acid (CBCA) the naturally occurring acid forms of THC, CBD and CBC 
respectively, with a molecular weight of 358.5 g/mol. Among the hemp samples, the m/z 
359 ion was the most abundant in the B, CB and SSC (Figure 23f,g,j) samples and least 
abundant in L and SH1 (Figure 23h,i). While the marijuana samples showed a large 
abundance of the m/z 357 ion and a low abundance of the m/z 359 ion, the hemp samples 
showed a large abundance of the m/z 359 ion and the m/z 357 ion was absent from all 5 
samples. This suggests this ion may be a compound unique to the marijuana samples. 
Further analysis would need to be done to confirm this.  
There were small differences seen between analyses and amongst samples. One 
disadvantage to DART-MS being an open-air ionization technique is that during ionization 
any ions present in the ambient air are also ionized. The ionization by DART is sensitive 
enough to detect any changes in the air between analyses and these extraneous ions can be 






3.2.5 DART-MS Analysis of Certified Reference Materials 
THC and CBD CRMs were analyzed in replicates of 8 on a QuickStrip™. Included 
on each QuickStrip™ were two blank samples and two methanol solvent blanks.  
Additional samples were also prepared containing equal volumes of THC and CBD for 
analysis. Two replicates are shown of each of the three samples: THC, CBD and THC + 
CBD (Figure 24). As expected, the most abundant ion observed in the THC CRM was m/z 
315 (Figure 24a-b). Like THC, the most abundant ion seen in the CBD CRM was m/z 315 
(Figure 24c-d). The THC + CBD samples (Figure 24e-f) looked most similar to the samples 







Figure 24. DART-MS Spectra of THC and CBD Certified Reference Material. Two 
replicates of THC CRM (a,b), CBD CRM (c,d) and combined THC and CBD CRMs (e,f) 
are shown. The most abundant ion across all samples was the 315 ion, as expected. The 
mass spectra of the THC + CBD CRM combined samples look most similar to the samples 
containing only the THC CRM.  
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3.2.6 Chemometric Analysis of Hemp and Marijuana Using Analyze IQ Lab 
In an effort to better understand the data of the hemp and marijuana samples, 
chemometric analysis was performed using Analyze IQ Lab. A training set of 3 marijuana 
samples and 3 hemp samples were analyzed by DART-MS in replicates of 30. To build a 
model, pre-processing options and the type of method used to analyze the data needed to 
be chosen. Multiple combinations of pre-processing techniques and methods were explored 
in order to determine which combination was most effective for correctly classifying the 
samples of the training set into hemp and marijuana (Table 6). Three out of the 5 
combinations tested resulted in a 0% error rate and correctly classified all the hemp samples 
as hemp (classified as a “yes” value) and all the marijuana samples as not hemp (classified 
as “no” value). In 2 of the 3 combinations that resulted in a 0% error rate, smoothing and 
normalization were used which suggests these methods may be important pre-processing 
steps for this model. Smoothing was performed on the data using the default parameters 
Table 6. Percent Error Rates for Different Combinations of Algorithms and 
Data Pre-Processing Methods for Hemp and Marijuana Samples.  
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given (Window: 5, Polynomial: 2, Exclusion: All zeros). While both the Polynomial Kernel 
and k-NN methods resulted in the correct classification of all samples, the method chosen 
was k-NN with smoothing and normalization pre-processing techniques.  
When applying both the hemp and marijuana models, the same pre-processing 
techniques were applied to the unknown data as were applied to the model being used. The 
remaining hemp and marijuana samples that were not included in the training set were used 
to evaluate the model. Each model was able to correctly classify all samples as being 
present or absent from the test spectrum (Table 7). A “Yes” result indicated that the 
unknown sample was classified as part of the group of known samples that make up the 
test spectrum. The test spectra of the hemp and marijuana models were comprised of the 
known samples of hemp and marijuana respectively. A result of “Value was not found in 
the test spectrum” indicated that the unknown was not classified as part of the known 
samples that make up the test spectrum. For example, the marijuana samples are not 
classified as hemp samples and vice versa. Using the hemp and marijuana models, the 6 
samples that were evaluated, which served as unknowns to the software, were able to be 
correctly classified as their corresponding sample type with 100% accuracy.  
Table 7. Evaluation of Hemp and Marijuana Models Built Using Analyze IQ Lab. 
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4. CONCLUSIONS 
4.1 UV-Vis Spectroscopy 
 Using UV-Vis Spectroscopy, it was possible to observe differences between hemp 
and marijuana samples. The marijuana samples displayed one maximum absorbance value 
ranging from 292–299 nm. The hemp samples displayed maximum absorbance values at 
two different wavelength ranges. The first wavelength range was 285–290 nm, close to that 
seen with the marijuana samples. The second wavelength range was 469–472 nm and was 
consistently observed in the hemp samples and observed at very low levels or not at all in 
the marijuana samples. This suggested that the absorbance of CBD may occur somewhere 
within this range which agreed with previous studies. The results of the analysis of the 
marijuana samples were consistent across the same wavelength range. However, the results 
were not in line with those outlined in previous studies. 
 Upon preparing the samples for analysis in the cuvettes, the hemp and marijuana 
extracts each produced distinct colors when combined with the 3-mix. The hemp samples 
consistently produced a color ranging from a light orange to a dark orange while the 
marijuana samples consistently produced a golden yellow color. While the color 
development was immediate upon addition of the extract to the 3-mix, the color faded over 
a period of 3-5 minutes necessitating analysis of the sample within a short period of time 
after the addition of the 3-mix to the cuvette. Previous research has reported that CBD 
forms an orange color, which is consistent with the results. However, the same study also 
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reports that THC forms a red color which was not observed amongst any of the analyses 
conducted.  
The wavelengths at which the maximum absorbance values of the THC and CBD 
CRMs occurred were also in close agreement with the wavelength ranges seen in the 
marijuana and hemp samples. The absorbance of the THC CRM was significantly higher 
than that seen in any of the marijuana samples when analyzed on the same graph. However, 
the maximum absorbance of the THC CRM did vary between analyses even though the 
concentration remained the same throughout.  
Calibration curves were able to be produced for both THC and CBD CRMs, 
however the reproducibility for each was poor. There were large variations seen among 
calibrators of the same concentration that were analyzed on the same day suggesting that 
the data may not be reliable.  
Overall, there were differences seen amongst the UV spectra of the hemp and 
marijuana samples that suggested this may be a viable method in distinguishing the two 
sample types in the field. However, variation was seen amongst analyses of the same 
sample extracts which suggested that more method optimization may be needed to ensure 
consistent results. Additionally, more hemp and marijuana samples should be purchased 
and analyzed to help build a better understanding of the spectra of each sample type. 
 Further experimentation is also needed to optimize the calibration curves for both 
THC and CBD. If reproducibility is an issue, quantitation of the compounds will prove 
difficult. With proper reproducible calibration curves at the optimal wavelengths, 
quantitation of THC and CBD is possible. Quantitation of these compounds would be 
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important in the field given that by law, the difference between hemp and marijuana is the 
amount of THC.  
4.2 DART-MS 
 Given the mass spectral results produced of the available hemp and marijuana 
samples, differentiation between them was possible. Without fragmentation of the ions, the 
M+H ion of m/z 315 was, in most cases, the most abundant ion. Other ions were observed, 
such as m/z 359, consistent with THCA, CBDA, or CBCA, all with the same molecular 
weight. The m/z 359 ion appeared most abundant in the hemp samples. As expected, the 
most abundant ion observed in the THC and CBD CRMs was also m/z 315. While there 
were minor differences amongst the THC and CBD CRMs spectra, the overall pattern of 
the peaks seen was similar.  
 Upon additional analysis of the samples on different days, different mass spectral 
results were produced which could question the reproducibility of this method. With the 
use of DART, ionization occurs in the open air and any unwanted molecules in the 
atmosphere may be ionized and drawn into the mass spectrometer. If the atmosphere of the 
laboratory changes, this could be one possible explanation for the presence or absence of 
particular ions between analyses of samples originating from the same source. More 
experimentation is needed over a period of days in order to further evaluate what may be 
causing changes in the spectra. 
 While there were some observed mass spectral differences between hemp and 
marijuana samples, it was difficult to determine just how different the two types were and 
how much weight to place on each similarity or difference. Minor differences were seen 
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amongst spectra, but it was difficult to know how significant those differences were in 
telling the two sample types apart. Due to the similarities between the chemical makeup of 
hemp and marijuana and the similarities in the chemical structures of THC and CBD, that 
simply being able to look at the mass spectral data of each was not sufficient to discriminate 
between them. For this reason, more sophisticated chemometric software such as Analyze 
IQ Lab was used. Using Analyze IQ Lab, hemp and marijuana models were built using 90 
replicates of each sample type. The data was smoothed and normalized and both models 
were built using the k-NN method. Both of these models proved very successful in their 
ability to correctly classify unknown samples as either hemp or marijuana. Of the six 
unknown samples evaluated using these models, every sample was properly classified 
using both methods. While the data discussed here was preliminary and serves as a proof 
of concept for future analyses, the results are hopeful.  
 In order to test the models, more hemp and marijuana samples should be purchased, 
analyzed and then evaluated. Analyze IQ Lab offers numerous options for processing data 
and those can be explored in more depth. For pre-processing techniques, the options that 
are chosen are applied in order. For example, the hemp and marijuana models first 
smoothed the data and then normalized it. It would be important to explore if the order of 
the pre-processing techniques affects how well the model performs. Additionally, while 
the models discussed were for classification purposes, Analyze IQ Lab also offers the 
ability to build quantitation models. Given that the legal distinction between hemp and 
marijuana is the percentage of THC, it may be possible to build a quantitation method using 
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